We review progress in our laboratories toward developing in vivo glucose sensors for diabetes that are based on fluorescence labeling of glucose/galactose-binding protein. Measurement strategies have included both monitoring glucose-induced changes in fluorescence resonance energy transfer and labeling with the environmentally sensitive fluorophore, badan. Measuring fluorescence lifetime rather than intensity has particular potential advantages for in vivo sensing. A prototype fiber-optic-based glucose sensor using this technology is being tested.
Fluorescence Intensity-and Lifetime-Based Glucose Sensing
Using Glucose/Galactose-Binding Protein
Introduction
Cont inuous glucose monitoring (CGM) entered clinical practice in 1999. Although randomized controlled trial (RCT)
evidence for clinical efficacy compared with self-monitoring of blood glucose was relatively slow to accumulate, a series of RCTs and meta-analyses now provide robust evidence for a reduction in hemoglobin A1c and exposure to hypoglycemia when CGM is used frequently by patients with type 1 diabetes. [1] [2] [3] [4] Current CGM technology is based on subcutaneously implanted amperometric enzyme electrodes or microdialysis probes, and the accuracy of these sensors is improving as changes in design and manufacture occur. Nevertheless, the performance of glucose sensors is widely thought to be a major bottleneck in the development of a closed-loop insulin delivery system (artificial pancreas), 5 where the clinical and regulatory requirements are for optimal accuracy and reliability of the CGM component.
Apart from next-generation reimplantable but minimally invasive sensors, there has been a long-standing quest for completely noninvasive glucose monitoring. Many technologies are being investigated, including near-infrared (NIR), Raman, impedance, and photoacoustic spectroscopy, as well as optical coherence tomography, polarimetry, and reverse iontophoresis, but none have yet reached routine clinical application.
Fluorescence has been researched for a number of years as an alternative glucose-sensing methodology, 7 partly because it has the flexibility to be developed both as a reimplantable CGM probe and for noninvasive blood glucose monitoring (discussed later) but also because it offers notable advantages for both sensing strategies. Fluorescence intensity measurements are very sensitive and are not subject to interference by electroactive substances in the tissues, which may contribute to the underperformance of some amperometric enzyme electrodes. However, arguably the most important advantageous feature of fluorescence for in vivo sensing is that the fluorescence lifetime can be measured as well as the intensity. 7 The decay lifetime is the average time the fluorophore remains in the excited state and is an intrinsic property of the fluorophore, largely independent of fluorophore concentration, illumination intensity, light path length, scattering, or photobleaching. 8 Thus a fluorescence-based sensor implanted in the tissues may become coated by protein or cells or the illuminating or emitted light may be scattered, which may diminish the fluorescent light intensity, but the decay lifetime of the emitted fluorescence will remain unaltered. One may therefore expect that the performance of fluorescence lifetime-based glucose sensors would be especially stable and thus suitable for in vivo use.
As with other biosensors, fluorescent glucose sensors involve binding of glucose to a receptor, which is thereby associated with a change in fluorescence that is proportional to the glucose concentration. Several glucose receptors have been studied by investigators, including the plant lectin, concanavalin A, 9 ,10 enzymes such as glucose oxidase (or its apo derivative with the prosthetic group removed) 11 or hexokinase, 12 and boronic acid derivatives, which bind to 1,2 and 1,3 diol groups and thus recognize glucose. 13, 14 We have developed several fluorescent glucose monitoring systems based on an alternative receptor-bacterial glucose/galactose-binding protein (GBP)-which we believe is particularly suitable for in vivo use, especially when decay lifetimes are used for sensing.
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Glucose/Galactose-Binding Protein and Glucose Sensing
Periplasmic binding proteins are a family of nonenzymatic binding proteins present in the periplasmic space of gramnegative bacteria. 19 They are involved in nutrient transport into the bacterium and bind with high affinity small molecular weight substances such as sugars, amino acids, ions, and vitamins. Glucose/galactose-binding protein, like the other ligand-binding bacterial proteins, has a single polypeptide chain that folds into two lobular domains separated by a hinge region where glucose binds 20 ( Figure 1 ). Binding is accompanied by a marked conformational change in the protein, with the two lobules closing around the glucose molecule to form a "closed-form" of GBP. Fluorophores covalently attached to specific sites on GBP can therefore be used to transduce the glucose-induced three-dimensional change in GBP into a fluorescence change that is related to glucose concentration.
A number of researchers have developed glucose-sensing systems based on fluorophore-labeled GBP, with fluorescence intensity as the signal and with two main strategies. With fluorescence resonance energy transfer (FRET) assays, a fluorescent donor and an acceptor are attached at two different sites on the protein; glucose binding and conformational change of GBP alters the molecular distance between donor and acceptor-closer together increases FRET and decreases fluorescence whereas separation decreases FRET and increases fluorescence 15, [21] [22] [23] [24] [25] (Figure 1) . Hence, labeling the lobes of GBP with a donor and acceptor can produce the less favorable measurement situation of decreasing fluorescence with increasing glucose concentration. The alternative strategy is to covalently link an environmentally sensitive fluorophore at a site near the binding site. Environmentally sensitive or solvatochromic fluorophores have a fluorescence that is dependent on the solvent polarity-low in a polar/hydrophilic solvent or environment but high in a hydrophobic/water-excluded environment. 15, 21, 22, [26] [27] [28] [29] [30] In our research, we have used the solvatochromic fluorophore, badan (6-bromo-acetyl-2-dimethylaminonaphthalene; Figure 2 ), which we covalently attached to cysteine mutations near the GBP binding site (Figure 1) . Native GBP does not contain any thiol groups, so that a site-directed mutagenesis can be used to substitute the thiol-containing amino acid cysteine at a chosen site, allowing covalent linkage of a thiolreactive fluorophore at only this position. We found that, when badan is attached to position H152C (i.e., a mutant where histidine is substituted by cysteine at the 152 position of the polypeptide chain near the glucose-binding site), addition of glucose resulted in a marked (300%) increase in fluorescence intensity (Figure 3) . Control measurements on GBP using the thiol-reactive dye Texas red, which is not environmentally sensitive, produced negligible change in fluorescence intensity over the glucose concentration range of 0-100 mM. In our hands, FRET-based systems produce a much lower signal change in response to glucose. 15 Thus we attached the donor fluorophore Alexa Fluor 488/555 at the N terminus of GBP by transglutaminase-catalyzed conjugation of Alexa Fluor-cadaverine to a glutaminecontaining tag that we introduced at the N terminus by recombinant deoxyribonucleic acid techniques. A nonfluorescent acceptor (QSY7) was attached at one of two cysteine mutations near the binding site. We found significant glucose concentration-dependent increases in fluorescence for QSY7 at both position M182C and position H152C, but the increase was relatively small (<20%). Other investigators have also reported FRET-mediated fluorescence changes of the same order when two different variants of green fluorescent protein were used as donor-acceptor pairs, linked at the N and C termini. 23, 24 The increase in the fluorescence we observed with glucose indicates a decrease in FRET, so that the donor at the N terminus and the acceptor at the binding site have moved farther apart; others have also noted a glucose-induced fluorescence increase when the two termini are labeled with fluorophores. 
Glucose/Galactose-Binding Protein and Fluorescence Lifetime-Based Glucose Sensing
Using time-correlated single-photon counting (TCSPC) to measure fluorescence decay of GBP-badan, we found that, at zero glucose concentration, the decay could be best fitted by a biexponential model with decay constants of 1.3 ns and 0.5 ns and a mean lifetime of 0.8 ns. 16 On addition of glucose, the mean lifetime of GBP-badan increases by a maximum of 2 ns at saturating glucose concentration (Figure 3) , with the fraction of the long lifetime component increasing and the fraction of the short lifetime component decreasing. It is therefore likely that the 0.5 ns lifetime represents the open form of GBP (no glucose bound) where badan is exposed to a polar environment, whereas the 1.3 ns lifetime represents the closed form (glucose bound) with badan buried in a hydrophobic environment as the lobes of the protein close around the glucose (Figure 1) .
To investigate the stability of fluorescence lifetime measurements over time, we studied the fluorescence decay at zero glucose and saturating glucose concentration at time 0 and 5 hours later. We found the decay curves were superimposable at 0 and 5 hours, whether at zero glucose concentration or with added glucose (Figure 4) , indicating that the lifetime of GBP-badan at a given glucose concentration was constant over time. One notable problem with native GBP and GBP (H152C)-badan is that the binding constant is in the micromolar range (K d 2-3 µM), with a maximal fluorescence increase at approximately 20 µM glucose. A glucose sensor that is used for clinical purposes needs to operate in the millimolar range because blood glucose levels in diabetes patients are commonly recorded from approximately 1-30 mM. We therefore investigated whether the K d of GBP could be increased by engineering a series of mutants of the protein with amino acid substitutions chosen from the X-ray crystallographic structure of GBP as locations likely to influence glucose binding. 17 Of the five mutants we synthesized (H152C/D14E/F16A, H152C/A213R, H152C/L238S, H152C/A213R/L238S), the triple mutant H152C/A213R/L238S had the highest K d (11 mM), a 200% maximal increase in fluorescence and an operating range of 1-100 mM glucose, in buffer or serum (Figure 5) . Although the different mutants displayed variable maximal increases in fluorescence intensity with glucose addition, the extent of fluorophore labeling was similar for all mutants at 0.9-1.0 mole badan/mole GBP.
As with the GBP (H152C)-badan, the mean lifetime of the triple mutant also increases markedly on glucose addition (~70% at saturating glucose levels), and the decay curve was best fitted by a biexponentional model with 0.9 and 3.1 ns components. Again, the fractional contribution of the long-lifetime component increased with increasing glucose concentration, and the contribution of the short lifetime component decreased. 17 Changes in the conformational structure of GBP can be confirmed by time-resolved fluorescence anisotropy decay measurements, 8 which record the correlation time φ of GBP-badan when undergoing Brownian rotation. The hydrodynamic diameter d of GBP is determined from the Stokes-Einstein relation φ = ηπd 3 /6KT, where η is viscosity, K is the Boltzmann constant, and T is temperature. Table 1 shows an overall decrease in d from ~6.4 nm with increasing glucose concentration, the diameter being consistent with what is known from X-ray diffraction (Protein Data Bank, www.pdb.org). Note that d is an average over both open and closed conformations of GBP (see Figure 1) , the relative abundance of these changing with glucose concentration.
Fiber Optic Glucose and Smart Tattoo Sensors Using Glucose/Galactose-Binding Protein-Badan
We have two broad strategies for glucose monitoring using GBP. The first is immobilization of fluorophorelabeled GBP at the tip of a fiber optic probe that is reimplanted at up to 7-day intervals in the subcutaneous tissue of patients, thereby measuring interstitial glucose concentrations. Fluorescence excitation and recording of emitted fluorescence will be via a handheld device with miniature light source and fluorometer. The second approach is to create a noninvasive CGM system by incorporation of fluorophore-labeled GBP within microcapsules or nanocapsules impregnated into the dermis or subcutaneous tissue, with excitation and recording of fluorescence from the skin surface via a handheld meter. This type of glucose sensor is sometimes known as a "smart tattoo." [31] [32] [33] Immobilization of GBP at a fiber optic in a way that retains the sensing element at the probe without interfering with the functionality of the protein is a significant problem. We have found that one of the best ways of immobilizing GBP-badan is to link the protein to Ni-nitrolotriacetic acid (NTA)-functionalized agarose or polystyrene beads via the oligohistidine tag that we engineered at the C terminus of GBP (Figure 6 ). Ni-nitrolotriacetic acid binds strongly to two histidine residues and is commonly used to purify proteins by affinity chromatography, but we found that GBP-badan immobilized to NTA beads retains both the fluorescence intensity and lifetime response to glucose. 18 The labeled beads can be visualized by fluorescence lifetime imaging microscopy (FLIM), where the glucose-induced lifetime increase associated with the GBP-badan is visualized by contrast or as a color change (blue for short and red for long lifetimes). 18 For in vitro testing, we loaded the beads with linked GBP-badan into a porous chamber at the end of a multimode optical fiber with pulsed laser excitation, high-speed photodiode detection, and TCSPC for lifetime measurement. We found that the fluorescence lifetime increase with glucose addition was reversible on glucose withdrawal, and good working day stability was obtained. Animal studies have now commenced using a mouse model with implantation of the fiber optic into the peritoneum or subcutaneous tissue (Figure 7) , with reversible tracking of blood glucose increases and decreases. The somewhat smaller percentage change in sensor signal in vivo compared with GBP-badan in solution may be due to changed responses when the protein is immobilized or due to dampened glucose changes in the interstitial space. The response times for the prototype sensor are not yet satisfactory for clinical use and likely due to slowed glucose diffusion into the sensing chamber; optimizing the immobilization may be helpful, as GBP-badan has an almost instantaneous response to glucose in solution.
We developed a GBP-sensing technology suitable for smart tattoos based on incorporating the protein into multilayer, nano-thickness capsules applied by the layerby-layer technique. 16 Glucose/galactose-binding proteinbadan was initially adsorbed to a template of 5 µm Figure 7 . In vivo testing of a fiber optic glucose sensor based on GBP-badan. The sensing probe was inserted into the peritoneal cavity of an isoflurane-anesthetized mouse. Insulin (0.1 ml of 1 mg/ml human regular) was given subcutaneously as shown. Blood samples were obtained from the tail vein and measured by a reference method. calcium carbonate microparticles, followed by six alternating bilayers of positively and negatively charged polymers, poly-L-lysine and heparin, which bind by electrostatic attraction. All buffers contained poly(ethylene glycol) (PEG), which we have found to increase the protein loading into the microcapsules. Changes in the fluorescence lifetime associated with the GBP-badan capsules were studied with FLIM, where we found glucose addition caused an increase in the long-lifetime state.
Discussion
A major challenge for in vivo glucose sensing based on fluorescence lifetime measurements is miniaturization of the instrumentation, essentially for wearable use by the patient. The two main methods for lifetime measurement are classed as time domain, where the fluorophore is excited with a short optical pulse and the exponential decay of the fluorescence intensity is observed by a method such as TCSPC, or frequency domain, where the exciting light is modulated and the decay is calculated from the resultant modulated emission and its phase shift and reduction in modulation depth. 8 We have used TCSPC in our research studies to date because of its advantages in determining unknown kinetics. 34 Time-correlated single-photon counting essentially records the arrival time of single photons that constitute the fluorescence decay following the excitation pulse and has advantages of wide dynamic range, independence from fluctuations of the light source and photobleaching, picosecond resolution, good signal-to-noise ratio, and well-defined Poisson statistics. However, a drawback of traditional TCSPC is the present benchtop dimensions of the instrumentation and the difficulty in reducing it to a wearable size. Although compact and portable applicationspecific integrated circuit versions of TCSPC have been demonstrated, 34 it seems likely that either a "few-point" determination of the average lifetime in the time domain or a phase shift determination in the frequency domain is adequate for a clinical fluorescence lifetime-based CGM system. The smart tattoo notion for an implanted glucose sensor is generally based on the knowledge that the tissues are transparent to NIR light so that a glucose receptor linked to a NIR fluorophore can be excited and interrogated from outside the body. The maximum excitation and emission wavelengths for badan are approximately 400/550 nm and thus not suitable for such a system, though we note that one report shows that a glucose sensor using fluorescent hydrogel fibers with similar excitation/emission properties was successfully used in vivo when implanted in the dermis of the mouse ear. 35 Possibly, therefore, badan-based sensors will have sufficient efficacy as a smart tattoo if impregnated very close to the skin surface in patients.
More likely, badan could be replaced by a NIR, environmentally sensitive fluorophore. The most studied example of such a dye is the lipophilic phenoxazine fluorophore Nile red, 36, 37 though it does not in itself have a functional group that would allow covalent linking to GBP. Thomas and coauthors 28 synthesized two thiol-reactive derivatives of Nile red that, when bound to GBP mutants, gave a glucose-induced increase in fluorescence intensity at around 640-650 nm. Single-walled carbon nanotubes (SWCN) fluoresce in the NIR range, and Yoon and coauthors 38 demonstrated that GBP can be attached to carboxylated poly(vinyl alcohol) when coated onto SWCN; addition of glucose resulted in concentration-dependent fluorescence quenching, though the signal was relatively small. Interestingly, although these authors apparently used the native protein with micromolar K d rather than a mutation of GBP with high K d , glucose response was observed between 2 and 50 mM glucose. A limited number of other solvent-sensitive, NIR fluorophores that can be used to probe conformational changes in proteins have been described. Toutchkine and coauthors, 39 for example, described water-soluble merocyanine dyes that do not aggregate (which merocyanine dyes normally tend to do), are highly fluorescent at long wavelengths, and can be used for probing protein conformation. These newer NIR fluorophores have not been systematically evaluated for GBP-linked glucose sensing, as far as we are aware. For all NIR dyes, photobleaching will be a significant issue to be addressed. Indeed, badan is also vulnerable to photobleaching, although this is ameliorated in the lifetime approach. Indeed, badan fluorescence also displays photo-induced changes. During steady-state fluorescence measurements on GBP-badan, we frequently observed a reduction in fluorescence intensity following an initial scan that then levels off to a constant intensity. However, the superimposable fluorescence decay curves of Figure 4 over 5 h clearly demonstrates how the decay time can indeed overcome such photobleaching effects.
Other significant challenges for smart tattoos based on multilayer nano-encapsulated sensors, such as those we describe here, include ensuring stability of the sensing constructs in the in vivo environment and nontoxicity. These issues need to be systematically investigated before clinical testing.
In addition to our work with GBP, summarized earlier, two other groups have reported studies with GBP glucosesensing technology configured as a fiber optic probe intended for in vivo use, though their reports were based on fluorescence intensity and neither has described fluorescence lifetime measurements. Weidemaier and coauthors 40 covalently attached mutants of GBP (W183C and another with unspecified amino acid substitutions in addition to W183C) to a PEG dimethyl methacrylate:methacrylic acid hydrogel immobilized at the tip of a fiber optic. A ratiometric method was used to measure responses, with excitation at 420 nm and recording at 465 and 560 nm. The probe was implanted in the subcutaneous tissue of pigs, and blood glucose and sensor responses were compared for up to 7 days. The mean sensor error at day 7 was 16.4% ± 5.0% using a single daily reference blood glucose test to calibrate the device. Siegrist and coauthors 41 used a mutant of GBP labeled with the environmentally sensitive fluorophore, N-[2-(1-maleimidyl)ethyl]-7-(diethylamino)coumarin-3-carboxamide (MDCC), which has excitation/emission maxima at 425/485 nm. GBP-MDCC was covalently linked to acrylic acid and then incorporated into a polyacrylamide hydrogel.
Conclusion
Fluorescence glucose sensors using GBP would seem to promise several advantages over conventional methods of in vivo CGM systems. The fluorescence lifetime approach, in particular, offers a disruptive solution that is particularly attractive since compact and user-friendly instrumentation, satisfying both the technical requirements and ergonomics, is now well within reach. Full in vivo testing of both intensity-and lifetime-based sensors is now required in order for a full assessment of the technology and for any necessary improvements to be realized.
